In both Caenorhabditis elegans and Drosophila, UNC-73/Trio functions in axon guidance by signaling through the Rac GTPase to regulate cytoskeletal rearrangements necessary for growth cone migrations. Here, we show that the complex C. elegans unc-73 gene encodes at least eight differentially expressed UNC-73 intracellular protein isoforms. Previously reported mutations affecting UNC-73 isoforms encoding the Rac-specific RhoGEF-1 domain cause uncoordinated movement, correlating with defects in axon guidance. Mutations in isoforms encoding the Rho-specific RhoGEF-2 domain, which we describe here, result in L1 stage larval lethality with no associated axon guidance defects. Isoform-specific rescue experiments reveal separate functions for the various RhoGEF-2-containing UNC-73 isoforms, which would not likely be discovered by conventional genetic screening. UNC-73 D1 and D2 appear to function redundantly in pharynx muscle to regulate the rate and strength of pharynx pumping, and in the HSN neurons and vulval muscles to control egg laying. Isoforms C1, C2, E, and F act redundantly within the nervous system to regulate the speed of locomotion. The multiple UNC-73 isoforms containing Rac-and Rho-specific RhoGEF domains therefore have distinct physiological functions. In addition to its previously identified role involving RhoGEF-1 in migrating cells and growth cones, our data indicate that UNC-73 signals through RhoGEF-2 to regulate pharynx and vulva musculature and to modulate synaptic neurotransmission.
underlying axon patterning defects. unc-73 encodes proteins with several domains, including two tandem RhoGEF and PH domain combinations, a Sec14p motif, eight spectrin-like repeats, a variant SH3 domain, an immunoglobulin domain (Ig), and a fibronectin type III (FnIII) domain. The N-terminal UNC-73 RhoGEF-1 domain specifically activates the Rac family GTPases CED-10 and MIG-2 in vitro (Steven et al. 1998; Wu et al. 2002; Kubiseski et al. 2003) , while the C-terminal RhoGEF-2 domain is specific to Rho (Spencer et al. 2001) . Experiments in both C. elegans and Drosophila revealed that UNC-73/Trio function in axon guidance involves signaling through its RhoGEF-1 domain to the Rac GTPase and its downstream effectors, thereby regulating the cytoskeletal rearrangements necessary for growth cone migrations (Steven et al. 1998; Awasaki et al. 2000; Bateman et al. 2000; Liebl et al. 2000; Newsome et al. 2000; Lundquist et al. 2001; Wu et al. 2002; Ng and Luo 2004) .
Here we report that unc-73 is a complex locus encoding at least eight RNA transcripts, several of which have not been described previously. Previously characterized unc-73 mutations cluster near the region encoding the RhoGEF-1 domain, and one has been shown to directly inactivate the Rac GEF activity of this domain. However, none of the new transcripts encoding the RhoGEF-2 domain are affected by any of the previously characterized mutations, including the canonical allele e936 or gm40, which was thought to represent a null allele because it introduces a stop codon near the start of the unc-73 coding sequence (Steven et al. 1998) . Two unc-73 deletion alleles were isolated to examine the function of the transcripts encoding the RhoGEF-2 domain. One of these alleles was used in isoform-specific rescue experiments to determine the functions of the individual UNC-73 RhoGEF-2-containing isoforms. Two isoforms function redundantly in pharynx muscle to regulate pumping of the pharynx, and in the HSN neurons and vulval muscles to control egg laying. A different set of UNC-73 isoforms act redundantly within the nervous system to regulate the speed of locomotion. These data reveal that the unc-73 gene products have a remarkable molecular and biological complexity. Our genetic analysis, the nature of the phenotypes, and the fact that we do not observe axon patterning defects in the new alleles lead us to propose that in addition to its role in the growth cone, UNC-73 also functions in the process of neurotransmission through its RhoGEF-2 domain.
Results

Structure of the unc-73 transcripts
Two transcripts encoded by the unc-73 locus were previously identified (Steven et al. 1998 ) and named A and B ( SL1 is a trans-spliced 5Ј leader sequence. The red lines above the transcripts represent the probes used for the accompanying Northern blots. The size markers drawn on the left side of the PH-2 blot also apply to the remaining unmarked blots. In some cases, the small differences in size between the six smaller transcripts do not allow the individual transcripts to be resolved on the blot and, as a result, multiple transcripts appear as one band on the Northern blot. Note that there is a splice variation at intron 25, represented by the cDNA yk1532c04, which is not shown on this figure but is described in the Supplemental Material. Fig. S1 ; Supplementary Table S1 ). There is a large amount of sequence overlap between the eight predicted unc-73 transcripts. Virtually all of the unc-73 coding sequence is found in the combined A and C1 transcripts, with the remaining transcripts consisting of shorter variations of A and C1.
RT-PCR products (Supplementary
The protein isoforms encoded by the A, B, C1, C2, and F transcripts were immunoprecipitated and visualized on a Western blot using a polyclonal antibody raised to a C-terminal segment of isoform B ( Fig. 3A ; Steven et al. 1998 ). This segment is not found in the D1, D2, and E isoforms, so these isoforms were not visible on the blot. A and B migrated with the predicted mobilities based on their calculated molecular weights of 280 and 190 kDa, respectively, while C1, C2, and F migrated slightly slower than expected for their calculated molecular weights of 102, 70, and 74 kDa, respectively. C1 ran as a doublet, potentially due to post-translational modification. Identification of the particular UNC-73 isoforms on this Western blot of endogenous proteins was aided by an additional Western blot, where the individual isoforms were distinguished by a GFP tag (Fig. 3B) .
Deletion of the unc-73 RhoGEF-2 region is lethal
All of the previously reported mutations in unc-73 result in a 100% penetrant uncoordinated movement (Unc) phenotype reflecting errors in axon guidance during the development of the nervous system (Steven et al. 1998) . None of these unc-73 mutations are predicted to affect the production or coding potential of any of the six smaller transcripts (C1, C2, D1, D2, E, or F) identified in this paper (Fig. 1) . This includes the strong allele gm40, which was previously anticipated to be a null allele. Indeed, a Western blot of unc-73(e936) protein lysate revealed wild-type levels of C1, C2, and F but very low levels of A and B (Fig. 3) .
To examine the function of the six smaller unc-73 transcripts that encode the RhoGEF-2 domain, we isolated two deletion mutant alleles, ev802 and ev803, which eliminate the unc-73 RhoGEF-2 genomic region ( Fig. 1; Supplementary Table S2 ). ev802 and ev803 mutants arrested development at the L1 stage but continued to survive for several days. They left normal sinusoidal tracks in the bacterial lawn and did not display uncoordinated movement defects typical of previously reported unc-73 mutants. Visualization of the nervous system in ev802 mutants with a nervous system-specific GFP reporter (F25B3.3pϻGFP) failed to detect any defects in axon patterning (data not shown).
Although the ev802 strain was backcrossed five times to wild type (N2), we nonetheless sought additional evidence that the lethal phenotype was due to the deletion in unc-73 and not another tightly linked mutation. The cosmid C11B5 (Fig. 1 ) rescued ev802 lethality, and as previously reported, C11B5 also rescued the Unc phenotype of all of the unc-73 alleles tested (Steven et al. 1998) . A 5Ј deleted C11B5 cosmid (⌬C11B5) (Fig. 1 ) also rescued ev802 but not the Unc alleles e936, gm40, or rh40. Conversely, the unc-73 minigene, pNW217, which encodes only the B transcript and can rescue the unc-73 Unc alleles (Steven et al. 1998) , did not rescue ev802 lethality.
These rescue experiments not only suggest that the deletion encompassing the RhoGEF-2 sequence in unc-73 is the cause of the lethality in ev802 mutants, they also reveal that mutations in transcript A can be compensated by the presence of wild-type copies of all the remaining transcripts B through F. That is to say, regardless of the mutations in transcript A, including a severe truncation in the case of gm40, an Unc mutant animal requires only wild-type transcripts B through F for rescue to wild-type function. In support of this contention, we have observed intragenic complementation between the Unc alleles and the ev802 allele of unc-73; for example, ev802/gm40, ev802/rh40, and ev802/ok936 animals have a wild-type phenotype (data not shown). It thus appears that there is no unique role for the unc-73 A transcript, and the B transcript has functions separable from the six smaller unc-73 transcripts, C1 through F. This observation also raises the possibility that one of the early larval lethal genes, let-373, let-510, or let-511, which map close to unc-73, may be allelic to unc-73(ev802) .
unc-73(ev802) mutants display abnormal pharynx pumping behavior
Developmental arrest at the L1 stage can occur as a result of starvation; therefore, functional deficits in the pharynx, where the D1 and D2 isoforms are expressed (Fig. 4) , may explain the developmental arrest of ev802 mutants. We measured the pharynx pumping rate of several L1 progeny from unc-73(ev802)/unc-11 dpy-5 parents. The ev802 pumping rate was reduced to 91 ± 29 pumps/min compared with 208 ± 22 pumps/min for unc-73(ev802)/unc-11 dpy-5 siblings (Fig. 5A ). The quality of pharynx muscle contractions was also different in ev802 animals. Although the corpus appeared to contract normally, but at a slower rate, and isthmus peristalsis was still evident, the muscles in the terminal bulb contracted only weakly, more like a twitch compared with the strong contraction seen in control unc-73(ev802)/unc-11 dpy-5 or N2 animals. Very few bacteria entered the digestive tract of ev802 animals, and the lumen of the gut remained large and mostly empty in these animals. ev802 animals fed on a mixture of bacteria and fluorescent beads had very few beads in their gut compared with wild-type animals whose digestive tracts filled with beads (data not shown). The weak pharynx contraction phenotype is likely an important aspect of the lethal phenotype since a reduced pumping rate cannot alone explain the ev802 lethal phenotype as viable unc-11 dpy-5 siblings had a similarly reduced rate of 96 ± 17 pumps/ min (Fig. 5A ). Mutations in unc-11, which encodes the clathrin adaptor protein AP180, were previously reported to cause a reduced pharyngeal pumping rate (Nonet et al. 1999) .
The D1 and D2 isoforms rescue unc-73(ev802) lethality, but the rescued animals display a lethargic phenotype
The functions of the multiple unc-73 isoforms were examined by testing the abilities of individual isoform-specific constructs (Materials and Methods) to rescue the lethality of ev802 mutants. Tested individually, both the D1 and D2 isoforms, which are strongly expressed in the pharynx (Fig. 4) , rescued ev802 lethality.
[D1] ev802 and [D2] ev802 animals had wild-type pharynx pumping rates (Fig. 5B) , and the strength of pharynx contractions was normal. Rescue was not obtained by individual injection of C1, C2/F, or E (C2 and F are encoded by a single construct; see Materials and Methods), which are not expressed in pharyngeal muscle (Fig. 4) .
Although larval lethality was rescued, [D1] ev802 and [D2] ev802 hermaphrodite animals had an intriguing lethargic movement defect. The movement of these animals was smooth and coordinated with normal tracks left in the bacterial lawn, but their rate of movement was very slow. Their speed increased in the absence of bacteria, but it was still about one-third the rate of wild type (Fig. 6A) . ev802 L1 animals without D1 also displayed the lethargic movement phenotype (Fig. 6B) antigen, but the indicated nonspecific band is not (data not shown). The C1 isoform appears to run as a doublet. (B) A Western blot of C. elegans lysates from ev802 strains containing constructs encoding the indicated UNC-73 isoforms fused to GFP. The strains containing C1, C2/F, and E fused to GFP also have a construct encoding D1 (not fused to GFP) to rescue ev802 lethality. The blot is probed with a polyclonal antibody to GFP.
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The UNC-73 isoforms are differentially expressed
The expression patterns of unc-73 isoforms B through F were determined in larvae and adults using constructs encoding the individual isoforms tagged with GFP (Materials and Methods; Fig. 4 ). All of the GFP-tagged constructs retained their ability to rescue mutant phenotypes except for those encoding the C1 and C2/F isoforms. Isoform B was expressed most strongly in the axons of neurons, particularly in the nerve ring ( Fig. 4A ) and the ventral nerve cord. This pattern of expression was very similar to the staining pattern observed with UNC-73 B antibodies (Steven et al. 1998 ). UNC-73 B was also found more sporadically and at a lower level in anal depressor muscle, distal tip, P, seam, and developing vulva cells (data not shown). Although C1 and C2/F were also expressed in axons, their expression was restricted to fewer neurons (Fig. 4C ). Many process bundles within the body of the animal and neurons within the pharynx were positive for C1 and C2/F, but few axons were visible in the nerve ring (Fig. 4D) . Along with the neuronal expression, C1 and C2/F were also expressed in neuronassociated socket and/or sheath cells (Fig. 4D ) and the neuroendocrine uv1 cells (data not shown). A low level of expression was sporadically observed in body wall muscles (data not shown).
In contrast, D1 and D2 were very strongly expressed in the muscles of the pharynx and vulva and in both the cell bodies and axons of a very restricted set of neurons ( Fig.  4E,F ; data not shown). These included the hermaphrodite-specific neurons (HSNs), about four unidentified neurons with cell bodies in either the ventral or retrovesicular ganglion near the terminal bulb of the pharynx, and about six neurons with cell bodies in the lumbar ganglion in the tail, including PVQL and PVQR, as distinguished by their axonal patterning. A small number of axons were present in the nerve ring and the ventral cord. The lateral processes of ALNL and ALNR were also visible. D1 and D2 also exhibited sporadic and weak fluorescence in body wall and intestinal muscles (data not shown). Isoform E was strongly expressed in the nervous system and was detected in the cell bodies and axons of most, if not all neurons, including those in the pharynx, and at least some of the neuron-associated sheath and/or socket cells (Fig. 4G) . Isoform E was also observed in the excretory canals and the somatic gonad, including the spermatheca, gonadal sheath, and distal tip cells (data not shown).
Restricted expression of D1 in pharyngeal muscle is sufficient for rescue of unc-73(ev802) lethality
The importance of the pharynx for viability and expression of D1 and D2 in the pharyngeal muscles of wildtype animals (Fig. 4E) suggested that the lethality associated with ev802 and ev803 animals may result solely from the loss of UNC-73 D1 and D2 in the pharynx. D1 and D2, however, are also expressed in a small subset of neurons, which may connect directly or indirectly to the pharynx to influence its pumping action. To test the relevance of D1 pharyngeal expression, we used the myo-2 promoter to limit expression of D1 to muscles of the pharynx (Fig. 4B) . [myo-2pϻD1] ev802 animals developed normally with strong pharyngeal muscle contractions and wild-type rates of pumping (Fig. 5B) . [myo2pϻD1] ev802 animals were also lethargic (Fig. 6A) .
These results indicate that D1 plays a role in pharynx muscle function since there was complete rescue of ev802 L1 arrest. Consistent with D1 functioning in the pharynx muscle, neither the rate nor quality of ev802 pumping was increased in the presence of serotonin (10 mg/mL), a stimulant of pharynx pumping ( Fig. 4A ; Horvitz et al. 1982) . Complete rescue of ev802 to wild-type rates of movement was obtained by the combined injection of myo-2pϻD1 and either C1 or E (Fig. 6A) .
UNC-73 D1 is required for egg laying
Although D1 expression outside the pharynx was not required to rescue ev802 lethality, expression within at least a subset of these cells, most likely the HSN neurons and/or the vulval muscles, was required for the process of egg laying. [myo-2pϻD1] ev802 animals, which lacked D1 expression in the vulval muscles and HSNs (data not shown), had an egg-laying defect (Egl). These animals displayed a "bag of worms" phenotype in which few eggs were laid and instead most hatched inside the animal (Fig. 7) . The HSNs innervate the vulval muscles, and both are required to control the opening of the vulva to allow eggs to be laid (Trent et al. 1983 ). Expression of the E isoform in the HSNs of [myo-2pϻD1; E] ev802 animals most likely accounted for the partial rescue of the Egl phenotype in these animals (Fig. 7) .
Differential requirements for the RhoGEF-2 domain
The rh40 missense mutation in the unc-73 RhoGEF-1 domain revealed the importance of RhoGEF-1 catalytic activity to UNC-73 function (Steven et al. 1998) . To examine the role of the RhoGEF-2 domain in the various UNC-73 isoforms, we separately introduced two different mutations into the D1 and C1 RhoGEF-2 domains.
The first mutation, C1984Y, which is equivalent to an alteration identified in unc-73(je3), is predicted to disrupt the conformation of the RhoGEF-2 domain (Supplemental Material). UNC-73 D1 and C1 isoforms containing the C1984Y mutation lost their biological activity: (C1984Y)D1 failed to rescue ev802 lethality, and (C1984Y)C1 failed to rescue the lethargic phenotype of [D1] ev802 animals (Fig. 6A) . GFP-tagged versions of (C1984Y)D1 and (C1984Y)C1 displayed similar levels of fluorescence compared with wild-type D1ϻGFP and C1ϻGFP, indicating the mutations did not affect the stability or expression of the isoforms, although for unknown reasons, larger more extended CAN neuron cell bodies were occasionally observed upon expression of (C1984Y)C1 (data not shown). This experiment reveals the importance of the RhoGEF-2 domain to the function of both C1 and D1. It also demonstrates that the C1984Y mutation is the probable cause of unc-73(je3) lethality.
We also introduced a second RhoGEF-2 mutation, Q1944A, that is equivalent to a Q1368A substitution in the RhoGEF-1 domain of the UNC-73 mammalian homolog Trio. This mutation severely reduces Trio RhoGEF-1 catalytic activity in vitro (Liu et al. 1998) . Interestingly, this mutation in UNC-73 D1 had no effect on its ability to rescue ev802 lethality, while the same mutation in C1 blocked the ability of C1 to rescue the [D1] ev802 lethargic phenotype (Fig. 6A) . Although (Q1944A)D1 rescued ev802 lethality, [(Q1944A)D1] ev802 animals had an egg-laying defect (Fig. 7) . This suggests that the Q1944A mutation did influence D1 function in either the HSNs or vulval muscles, which are important for egg laying, but it did not affect D1 function in the pharynx, where it is required to rescue ev802 lethality. (Q1944A)C1ϻGFP and (Q1944A)D1ϻGFP were expressed at the same level and in the same cells compared with C1ϻGFP and D1ϻGFP (data not shown) indicating that Q1944A does not influence isoform stability or expression. These experiments identify a differential requirement for RhoGEF-2 activity in D1 expressing cells versus cells expressing C1. The fact that (Q1944A)D1 rescued ev802 lethality, whereas (C1984Y)D1 did not, suggests that the Q1944A substitution does not entirely ablate RhoGEF-2 function. These data, in turn, indicate that there may be a reduced requirement for RhoGEF-2 activity in pharynx muscle versus the requirement in cells of the nervous system and possibly the vulval muscles.
UNC-73 likely influences neurotransmission
Aside from their lethargy, [D1] ev802 hermaphrodites moved in an otherwise coordinated manner, and indeed, a wild-type rate of movement could be briefly induced by mechanical stimulation. UNC-73 C1, C2/F, and E, which were all able to rescue the lethargic phenotype, have expression patterns that only overlap in the nervous system. These observations suggested that [D1] ev802 animals have defects in the nervous system affecting the regulation of locomotory speed. Since we did not find any neuronal patterning defects in [D1] ev802 animals, it is possible that C1, C2/F, and E are required for proper communication between neurons at the level of the synapse.
Most synapse gene mutants are resistant to the acetylcholinesterase inhibitor aldicarb (Miller et al. 1996) , however, [D1] ev802 animals were not aldicarb resistant. One hundred percent of wild-type (n = 52) and [D1] ev802 (n = 116) animals placed for 4 h on plates containing 0.8 mM aldicarb were paralyzed and did not move upon mechanical stimulation. Eighteen percent of snb-1(md247)-positive control animals (n = 55) were paralyzed under the same conditions. We also examined [D1] ev802 synapse structure using the synaptic vesicle markers unc25pϻsnb-1ϻgfp (juIs1) and sek-1pϻsnb-1ϻgfp expressed in the GABAergic system and an unidentified subset of neurons, respectively, and ida-1ϻgfp a dense core vesicle marker also expressed in a subset of neurons (Hallam and Jin 1998; Zahn et al. 2001) . No difference in expression of the markers was discerned between [D1] ev802 and con- 
trol [D1] ev802/unc-11 dpy-5 animals carrying these markers (data not shown).
Nematodes with defective mecanosensory neurons have a sluggish phenotype (Chalfie and Sulston 1981) , but [D1] ev802 animals are sensitive to fine touch; therefore, their lethargy is not likely due to the inactivity of mecanosensory neurons. Mutations in the C. elegans genes, rbf-1 rabphilin, and unc-31 (known in vertebrates as CAPS for Ca 2+ -dependent activator protein for secretion) result in lethargic movement phenotypes that are similar yet less and more severe, respectively, than that of [D1] ev802 animals. The lethargy of rbf-1 animals is also overcome by mechanical stimulation and rabphilin mutants are, like [D1] ev802 animals, not resistant to aldicarb (Staunton et al. 2001) . Genetic evidence in C. elegans points to a role for rabphilin in modifying the function of synaptic SNARE proteins (Staunton et al. 2001) . unc-31 hermaphrodites are extremely sluggish on bacteria, less responsive to prodding than are [D1] ev802 animals, and are resistant to aldicarb (Avery et al. 1993; Miller et al. 1996) . Like [D1] ev802 animals, however, unc-31 mutants move faster in the absence of bacteria, and on bacteria, unc-31 males move much faster than hermaphrodites ( Fig. 6A ; Avery et al. 1993) .
Based on the potential for UNC-73 isoforms to play a role at the synapse, we searched for evidence of synergistic genetic interactions similar to those found for rbf-1 and known synapse function genes. Double mutants were constructed with [D1] ev802 and the genes rab-3(js49), rbf-1(js232) rabphilin, unc-10(md1117) RIM, snb-1(md247) synaptobrevin, snt-1(md290) synaptotagmin, unc-64(e246) syntaxin, unc-13(e51), and unc-18(e81) . Synergistic genetic interactions were not observed. In all cases, the defects in motility observed in a particular double mutant were no more or less severe than the defects observed in either of the two mutants in isolation (data not shown). A genetic interaction was observed, however, between [D1] ev802 and unc-31. The lethargy of [D1] ev802; unc-31(e169) animals off bacteria was much more severe compared with the movement of each single mutant (Fig. 6A) , indicating that unc-31 and unc-73 probably act in parallel pathways.
Exogenous application of serotonin or dopamine decreases C. elegans motility, and both neurotransmitters are required for separate slowing responses in the presence of bacteria (Horvitz et al. 1982; Schafer and Kenyon 1995; Sawin et al. 2000) . The heterotrimeric G protein subunit, G o ␣ (GOA-1), and diacylglycerol kinase (DGK-1) signal downstream of serotonin and goa-1 and dgk-1 loss-of-function mutants are hyperactive (Segalat et al. 1995; Nurrish et al. 1999) , while overexpression of goa-1 causes lethargic movement (Mendel et al. 1995) . Also intriguing, considering UNC-73 RhoGEF-2 activity, is the fact that Rho physically associates with and inactivates DGK in mammalian cells (Houssa et al. 1999 ). These observations suggested that [D1] ev802 animals might have enhanced serotonin or dopamine signaling. However, mutations in bas-1 or tph-1, which encode enzymes required for serotonin and/or dopamine synthesis (Loer and Kenyon 1993; Sawin et al. 2000; Sze et al. 2000) , and loss-of-function mutations in goa-1 or dgk-1 did not suppress [D1] ev802 lethargy ( Fig. 6A ; data not shown). The finding that [D1] ev802 lethargy is epistatic to goa-1 and dgk-1 hyperactivity indicates that UNC-73 C1, C2/F, and E function downstream of or in parallel to GOA-1 and DGK-1 signaling.
Discussion
The number of RhoGEF and RhoGAP regulators of Rho GTPases significantly exceeds the number of Rho family GTPases that exist in organisms such as C. elegans. These regulators likely provide the signaling specificity and spatial-temporal regulation required by the broadly expressed and functionally important Rho family GTPases. C. elegans unc-73 is interesting in this regard since it is the only gene, aside from its orthologs, that encodes two RhoGEF domains. We have previously shown that mutations that affect the N-terminal region of UNC-73, which contains the Rac-selective RhoGEF-1 domain, interfere with guided cell movements and axonal growth cone migrations. Indeed, a substitution that specifically blocks RhoGEF-1 activity induces multiple axon guidance defects due to a failure to stimulate Rac family GTPases and downstream reorganization of the actin cytoskeleton. All such unc-73 mutations that yield an uncoordinated phenotype (Unc) cluster in the region encoding the unc-73 B transcript.
Our present analysis indicates that unc-73 encodes at least eight different transcripts as a consequence of alternative transcriptional start sites and 3Ј ends. Six of the transcripts (C1-F) derive from the 3Ј half of the unc-73 gene and contain the RhoGEF-2 domain, which is specific for the Rho GTPase (Spencer et al. 2001) . We have used reverse genetics and isoform-specific rescue experiments to examine the function of the UNC-73 RhoGEF-2 domain encoded by the C1, C2, D1, D2, E, and F transcripts, which are not perturbed in any of the Unc mutants.
We find that UNC-73 D1 and D2 function in pharyngeal muscle to regulate pharynx pumping and in the HSN neurons and vulval muscles to regulate egg laying, while UNC-73 C1, C2/F, and E function in the nervous system to regulate the rate of locomotion. Mutational analysis indicates all of these isoforms require a functional RhoGEF-2 domain, and interestingly, neurons appear more sensitive to the requirement for UNC-73 Rho-GEF-2 activity. Previous work has suggested functions for the C. elegans Rho GTPase in cytokinesis and the migration of hypodermal cells (Jantsch-Plunger et al. 2000; Spencer et al. 2001) . Our characterization of the UNC-73 C1-F isoforms suggests a role for the Rho signaling pathway in muscle cells and the neurons of adult animals. The C. elegans unc-73 gene is therefore a complex locus. It encodes multiple protein isoforms with different structures and distinct patterns of expression, and employs two RhoGEF domains with separate specificities to control multiple aspects of cellular organization and function during development and in the adult animal. (Awasaki et al. 2000 ; http://flybase.org). This recent discovery of the dTrio equivalents of the UNC-73 C2, D2, and E RhoGEF-2 transcripts may complicate previous conclusions regarding the function of the dTrio RhoGEF-2 domain since the dTrio mutations examined almost certainly do not affect these transcripts.
The splicing of Kalirin and Trio is somewhat similar to that of unc-73, but Kalirin has more alternative transcriptional start sites and 3Ј ends and Trio encodes fewer transcripts (McPherson et al. 2002 (McPherson et al. , 2004 (McPherson et al. , 2005 ). An important difference in splicing from unc-73 involves the Kalirin 7 isoform, which is similar to UNC-73 B except that the SH3 domain is replaced with a short segment ending with a PDZ-binding motif (Penzes et al. 2003 ). We have not seen any evidence for a Kalirin 7-like isoform in our analysis of the unc-73 splice variations. In general, the expression of the Kalirin transcripts also appears similar to unc-73, while Trio expression is more widespread (Debant et al. 1996) . Most of the UNC-73 and Kalirin isoforms are strongly expressed in the nervous system, except for UNC-73 D1 and D2 and the equivalent Kalirin "Duet" isoforms, which are more strongly expressed in muscle (Kawai et al. 1999; McPherson et al. 2002) . The complexity of the alternative splicing and expression of unc-73 and its homologs points to the importance of RhoGEFs in controlling Rho family GTPases in multiple cell types and at different stages in development.
Several experiments indicate a role for Kalirin 7 at the mammalian synapse. Immunostaining and subcellular fractionation locates Kalirin 7 at the post-synaptic density, it interacts with several PDZ domain proteins found at the synapse and overexpression of Kalirin 7 increases; while reducing Kalirin 7 decreases, the number of dendritic spines in cultured hippocampal neurons (Ma et al. 2003; Penzes et al. 2003) . Importantly, although we believe that UNC-73 influences neurotransmission, C. elegans lacks dendritic spines, suggesting that Kalirin 7 may represent an evolutionary modification of the basic UNC-73 organization to accommodate more sophisticated neuronal functions.
UNC-73 D1 and D2 have essential functions in pharynx muscle
The deletion alleles ev802 and ev803, which lack the unc-73 RhoGEF-2 coding region, result in an L1 stage lethal phenotype not associated with any of the previously described unc-73 mutations. ev802 animals have a reduced rate and intensity of pharynx pumping, and they behave as if they were starved, arresting development at the L1 stage while remaining alive and coordinated in movement for several days. The ev802 L1 arrest is due to the lack of UNC-73 D1 and D2 in the muscles of the pharynx, since the developmental arrest is rescued with either D1 or D2 under the control of their endogenous promoters or with restricted expression of D1 in pharynx muscle cells alone. The general morphology of the pharynx in ev802 animals is normal, and no pharynx muscle abnormalities are detected under polarized light (data not shown); however, it is possible that the loss of D1 and D2 has a subtle affect on muscle structure. Although they are not found in D2, the Ig and FNIII regions of the D1 isoform are also suggestive of muscle-specific function. Combinations of these domains are most commonly associated with the extracellular regions of transmembrane receptor proteins, but they are also found in intracellular muscle proteins such as titin, myosin-binding protein C, and myosin light chain kinase, which either play a structural role in setting up the muscle sarcomere or regulate muscle contraction (Benian et al. 1996) .
Another possibility is that the D1 and D2 RhoGEF-2 domains may influence the activation state of Rho at pharynx neuromuscular junctions, allowing proper acetylcholine receptor clustering and efficient synaptic transmission (Weston et al. 2003) . Cell ablation and pharynx dissection experiments, however, suggest that simple elimination of synaptic contacts with the pharyngeal or extrapharyngeal nervous systems would not explain the lethal ev802 phenotype (Avery and Horvitz 1989; Avery et al. 1995) .
The UNC-73 C1, C2/F, and E RhoGEF-2 isoforms regulate locomotion
Although the UNC-73 D1 and D2 isoforms rescue ev802 lethality, the rescued animals have a unique lethargic movement phenotype. This movement phenotype is rescued, in turn, by any one of the UNC-73 C1, C2/F, or E isoforms. Several observations suggest that C1, C2/F, and E may function through their RhoGEF-2 domains to regulate neurotransmission. These include the findings that (1) the lethargy of [D1 or D2] ev802 animals can be overcome briefly by mechanical stimulation; (2) the expression of C1, C2/F, and E only coincides in the nervous system and [D1] ev802 animals do not have axon guidance defects; (3) the lethargic movement phenotype is related to that of rbf-1 rabphilin and unc-31 CAPS, which have roles in neurotransmission (Staunton et al. 2001; Speidel et al. 2005) ; and (4) the C1984Y and Q1944A substitutions in the RhoGEF-2 domain both abrogate rescue of the lethargic movement defect. Like C. elegans rbf-1 mutants, [D1] ev802 animals are not resistant to the acetylcholinesterase inhibitor aldicarb, which indicates UNC-73 is not important for acetylcholine synapse function and is thus unlikely to play a general role at all synapses. Consistent with this, synaptic structure was grossly normal in [D1] ev802 animals, as assayed using three different synaptic vesicle markers, indicating any defects at the synapses of these mutants do not affect synaptic vesicle patterning and/or the defects are specific to neurons not examined with these markers. The structure of the synapse also appears normal in rbf-1 and unc-31 mutants (Staunton et al. 2001; Cai et al. 2004) .
Our genetic analysis indicates that [D1] ev802 lethargy is not a result of excessive serotonin or dopamine signaling, or due to an effect on SNARE protein function as reported for rbf-1 (Staunton et al. 2001) . C. elegans locomotion is influenced by G protein signaling through DGK (Nurrish et al. 1999) and Rho is an upstream inhibitor of DGK in mammalian cells (Houssa et al. 1999) . DGK activity reduces the amount of diacylglycerol at the synaptic membrane, which has an inhibitory effect on neurotransmission. Based on the work of Houssa et al., we investigated whether a C. elegans DGK mutant might suppress [D1] ev802 lethargy. We instead found that UNC-73 C1, C2/F, and E act downstream of or parallel to DGK and G o ␣ signaling, which is in agreement with others who have shown that Rho family GTPases act downstream of DGK␥ and G␣ proteins (Hart et al. 1998; Tsushima et al. 2004 ).
There are two general classes of vesicles found at the synapse: small, clear vesicles that contain neurotransmitters such as acetylcholine, and large, dense core vesicles (DCVs) that hold biogenic amines or neuropeptides. Neuropeptides such as the FMRF (Phe-Met-ArgPhe)amide-related group of neuromodulators are important signaling molecules in the nervous system, which modulate neuronal activity and influence many behaviors, including locomotion. An interesting possibility is that UNC-73 C1, C2/F, and E may regulate the secretion of neuropeptides or biogenic amines via DCVs. Although the FMRFamide level of [D1] ev802 animals appears normal (data not shown), analysis of mammalian rabphilin, CAPS/UNC-31, Kalirin, and Trio has suggested a role for these proteins in the process of regulated secretion via DCVs.
Rabphilin interacts preferentially with Rab27 (Fukuda et al. 2004) , which is a regulator of exocytosis (Izumi et al. 2003) , and rabphilin enhances DCV exocytosis in adrenal chromaffin cells (Chung et al. 1995) . Mammalian CAPS/UNC-31 was proposed to function in calcium regulated DCV fusion, but recent analysis suggests that CAPS may instead act to load or maintain neurotransmitters in DCVs (Grishanin et al. 2004; Speidel et al. 2005) . Kalirin and Trio also have connections to DCV secretion. Kalirin was initially identified through its interaction with a DCV-associated protein, and Kalirin enhances regulated ACTH secretion in anterior pituitary AtT-20 cells (Mains et al. 1999) . Trio is implicated in hormone secretion downstream of the cdk5 kinase in primary cultures of anterior pituitary cells (Xin et al. 2004) .
The fact that the phenotype of a [D1] unc-73(ev802); unc-31 double mutant is enhanced compared with the phenotypes of the single mutants suggests that unc-73 and unc-31 are not in the same linear pathway. However, the secretion of neurotransmitters from DCVs is a complex process, and considering the aforementioned functions of rabphilin, CAPS, and the UNC-73 orthologs, the lethargic movement phenotypes of C. elegans rbf-1, unc-31, and [D1] ev802 may reflect defects in separate aspects of the secretion process.
A role for UNC-73, Kalirin and Trio in DCV secretion could involve the regulation of actin. Yeast genetics and experiments using actin inhibitors on cultured endocrine cells and neurons indicate that actin is important for secretion and neurotransmitter release (Doussau and Augustine 2000; Sankaranarayanan et al. 2003; Bader et al. 2004) . Also interesting, considering the importance of the UNC-73 RhoGEF-2 domain for locomotion, are the findings that Rho is associated with the membrane of DCVs in chromaffin cells, and Rho plays a role in exocytosis and endocytosis (Gasman et al. 1998; Ellis and Mellor 2000) . We conclude that the UNC-73 C1, C2/F, and E isoforms, via their RhoGEF-2 domains, are required to activate Rho in the nervous system to modulate neurotransmission potentially through the control of DCV secretion.
Materials and methods
C. elegans strains ev802 and ev803 were isolated from our frozen UV-TMP-induced C. elegans mutation library. bas-1(ad446) MT7988 and tph-1(mg280) are alleles that were used but not specified in the text. Double-mutant strains were constructed using standard genetic methods without additional marker mutations. The presence of the mutations was confirmed by PCR or outcrossing to him-5 males and examination of the F2 progeny.
Molecular biology
mRNA isolated from mixed stage N2 nematodes was used with SuperScript II reverse transcriptase (Invitrogen) and random hexamers or an oligo dT primer to generate cDNAs for use in RT-PCR. Each Northern blot lane contains 3 µg of N2 mixed stage mRNA.
Nematode protein lysates were prepared by either sonication, for small samples, or three passages through an Emulsiflex tissue homogenizer for samples of Ն10 mL. Immunoprecipitations used 1 mg of soluble protein lysate, 5 µg of antibody, and 10 µL of protein A-Sepharose.
unc-73 constructs
All PCR-generated fragments used for cloning were sequenced in their entirety, and the cloning junctions in the final constructs were also sequenced. SunI-digested C11B5 cosmid was religated to make ⌬C11B5. The construct pNW217, which encodes only the UNC-73 B isoform, was previously described (Supplementary Fig. S2 ; Steven et al. 1998) . A filled-in Asp718I digest and subsequent SmaI digest of pPD95.02 yielded GFP, which was cloned into a unique blunted ClaI site in pNW217 placing GFP in frame between the PH and SH3 domains of UNC-73 B. This construct, named pNW248, rescued the unc-73(gm40) Unc and Let phenotypes. The UNC-73 E specific construct is a 10-kb BclI genomic fragment from C11B5 ( Fig. 1;  Supplementary Fig. S2 ) subcloned into the BamHI site of pBluescript. A rescue capable GFP-tagged version of this construct was made by cloning a blunted KpnI BstXI pPD95.02 fragment into a blunted PflMI site located at the very 3Ј end of the coding region.
UNC-73 C1, C2/F, D1, and D2 constructs were each made with three PCR-generated DNA fragments with convenient restriction enzyme sites introduced at their ends ( Supplementary  Fig. S2 ). The most 5Ј fragment was made using a genomic DNA template (C11B5) and included all of the intron sequence (presumed to be promoter) (Fig. 2) immediately upstream of the transcript's first exon, the first exon, and the first intron. The middle cDNA fragment encodes from the second exon to the last exon. The last genomic fragment extended 2 kb from the last exon, for the C1 and D1 constructs, or the full length of intron 26, for the C2/F and D2 constructs. The three fragments were cloned into pBluescript. Each construct encodes an individual unc-73 transcript except for C2/F, which encodes both the C2 and F transcripts.
DNA sequence changes made to facilitate cloning resulted in minor alterations to the protein sequences (Supplemental Material). PCR-based site-directed mutagenesis (Expand Long Template Polymerase; Roche Applied Science) was used to introduce the Q1944A and C1984Y mutations.
GFP was introduced into the C1 and D1 constructs by cloning in a blunted KpnI BstXI pPD95.02 fragment into a unique StuI site generated at the 3Ј end of the coding sequence (Supplementary Fig. S2) . A partially blunted Asp718I SmaI pPD95.02 fragment was cloned into similar StuI sites in the C2 and D2 constructs. All GFP-tagged isoforms behaved the same as the corresponding nontagged versions in rescue experiments except for C1ϻGFP and C2ϻGFP, which did not rescue the lethargy of [D1] ev802 animals.
myo-2pϻD1 and myo-2pϻD1ϻGFP plasmids were generated by replacing the ApaI Asp718I promoter-containing fragments from the D1 and D1ϻGFP constructs with an XbaI NheI myo-2 promoter fragment from pPD132.102.
Transgenic lines
Standard microinjection techniques were used to generate stable transgenic C. elegans lines carrying extrachromosomal DNA arrays. Between 20 and 50 ng/µL of DNA per construct was injected. F25B3.3pϻGFP (pDP#SU006), sur-5ϻGFP or pRF4 [rol-6(d)] were used as cotransformation markers. At least three lines were isolated for each set of plasmids that were injected, and each set of lines had the same phenotype or identical GFP expression pattern. The arrays in these lines were not integrated into the genome, although the array in line [D1; F25B3.3pϻGFP] ev802-A spontaneously integrated into LG V.
F25B3.3pϻGFP, which is expressed in the nervous system, was the cotransformation marker used for most rescue experiments. However, there was an inconsistency specific to [D2; F25B3.3pϻGFP] ev802 lines whereby the animals originally appeared lethargic, but after several generations, they moved at rates closer to wild type. A possible explanation is that recombination occurred between F25B3.3pϻGFP and the D2 plasmid so D2 became expressed in the nervous system, which corrected the lethargy. Consistent with this explanation, [D2; pRF4] ev802 lines were stable for the lethargic phenotype. This phenomenon did not occur with [D1; F25B3.3pϻGFP] ev802 or [myo-2pϻD1; F25B3.3pϻGFP] ev802 lines, which have always remained lethargic.
To test their ability to rescue ev802 lethality, the isoformspecific constructs were injected into ev802/unc-11dpy-5 animals. Usually, while screening F2 animals for stable lines, we immediately found ev802/ev802 lines if that particular construct was capable of rescuing ev802 lethality. All of the adult F2 animals of a rescuing ev802/ev802 line fluoresced due to the cotransformation marker, and no DpyUnc progeny were present. If ev802/ev802 lines were not immediately obtained, adults from established ev802/unc-11dpy-5 transgenic lines containing potential rescuing arrays were left to lay eggs for 24 h, and at least 40 transgenic nonDpy larval animals per line were cloned the next day. If all clones segregated DpyUnc progeny, we concluded the injected construct(s) did not rescue ev802 lethality.
Phenotypic analysis
Pharynx pumping rates were measured using digital video of either healthy young adults or L1 animals moving freely on a bacterial lawn. At least 10 animals per genotype were examined with two 20-sec periods of consistent pharynx pumping observed per animal.
Body bends were counted while healthy young adults moved uninterrupted at room temperature on plates without bacteria. At least 10 animals per genotype were examined with three 20-sec periods of movement observed per animal. Animals on plates with bacteria were transferred to plates without bacteria and left for 2 min before counting. If an animal stopped moving or reversed direction, that count was abandoned. One body bend is defined as the motion of the terminal bulb starting from the top position of the sinusoidal wave track through to the bottom and back to the top.
Strains were examined for egg laying defects by starting with mid L4 animals and checking for live larvae within each animal daily for a total of 3 consecutive days. Animals were considered Egl if they held at least one live larvae by the end of the 3-d period, although most Egl animals had a "bag of worms" phenotype before the end of 3 d. Rare sterile animals were eliminated from the totals.
Microscopy
Pharynx pumping was captured on digital video with a Nikon Coolpix 4500 camera mounted to a Zeiss Stemi SV 11 microscope. Fluorescent protein expression in live (immobilized with 10 mM levamisole in M9) worms was viewed with a Leica DMRA2 microscope and images recorded with a Hamamatsu ORCA-ER camera and Openlab software (Improvision).
